Nd-Fe-B sintered magnets have high energy products and are used for various applications. Motors of hybrid vehicles (HEVs) are one of the major applications. For usage of HEVs, Dy is added to Nd-Fe-B magnets to maintain coercivity at high temperature environment. However, due to low natural resources of Dy, Dy-free or Dy-lean Nd-Fe-B sintered magnets are strongly required. To achieve high coercivity, it is necessary that microstructure of sintered magnets is consisted of both fine main phase particles and homogeneously distributed Nd-rich phases around the main phase. In this study, the microstructure of Nd-Fe-B jet-milled powders and the distribution of the Nd-rich phase were investigated. The distribution of the Nd-rich phase was evaluated by the ratio of grains which contain the Nd-rich phase. With decreasing size of the jet-milled Nd-Fe-B powder, the Nd-rich phase tends to aggregate and its distribution becomes inhomogeneous. The powder size of Nd-Fe-B jet-milled powder is much smaller than the average lamella interval of strip cast alloys.
Introduction
Nd-Fe-B sintered magnets, which have been invented by Sagawa et al., 1) have high energy products (ðBHÞ max ) and are used for various applications, for example, voice coil motors for hard disk drives and motors for hybrid vehicles (HEVs) or electric vehicles (EVs). Recently, HEVs and EVs are greatly paid attention due to a growing concern about environmental issues and the market of HEVs grows. Although Nd-Fe-B sintered magnets have high ðBHÞ max , the intrinsic coercivity so far realized reaches only 12% of the anisotropy field of Nd 2 Fe 14 B compound, which is the main phase of Nd-Fe-B sintered magnets. To maintain high magnetic properties at high temperature environment in HEVs, additive elements such as Dy or Tb are used in the Nd-Fe-B sintered magnets because Dy 2 Fe 14 B and Tb 2 Fe 14 B compounds have higher anisotropy field than Nd 2 Fe 14 B. However, the magnetic moment of Dy is aligned antiparallel with those of Fe and Nd, and addition of Dy decreases remanence and ðBHÞ max . Moreover, the natural abundance of these additive elements is quite low and their material costs increase very rapidly. If the ideal coercivity of Nd 2 Fe 14 B is obtained, the thermal stability is considered to be enhanced without these additive elements. Therefore, two methods to achieve high coercivity have been proposed. One is obtaining a uniform distribution of the Nd-rich phase that plays important roles in decreasing the nucleation site of reversed magnetic domains. If there are some defects on the surface of the Nd 2 Fe 14 B grains, the reversed magnetic domains appear at low reverse magnetic field. Once a reversed magnetic domain appears in the grain, the domain wall moves and magnetic reversal occurs very easily. Therefore, it is required to decrease defects at the surface of Nd 2 Fe 14 B grains in order to increase coercivity. The Nd-rich phase plays an important role in decreasing nucleation sites of the reversed magnetic domain during annealing process, then, contributes to increase the coercivity. [2] [3] [4] [5] [6] [7] The other is controlling grain sizes below the single domain size of 0.3 mm.
8) However, the microstructure of the sintered magnets is influenced by each production process such as melting, casting, hydrogen decrepitation (HD) treatment, jet milling, magnetic pressing, sintering, and heat treatments. When the distribution of Nd-rich phase is not homogeneous, the Nd-rich phase segregates, and hence the decreasing the nucleation sites of the reversed magnetic domains occurs partially during the sintering or subsequent annealing process. The degree of increase in coercivity of Nd-Fe-B magnets is small in such a case. When the distribution of Nd-rich phase is homogeneous, which means the Nd-rich phase does not segregate, it is easy for the Ndrich phase to spread between main phase grains during the sintering or subsequent annealing processes. In this case, the Nd-rich phase spreads along grain boundaries and decreases the nucleation sites. Then high coercivity may be obtained. Therefore, the distribution of Nd-rich phase is an important factor to achieve high coercivity for Nd-Fe-B sintered magnets.
In our previous report, microstructure and Nd-rich distribution in strip cast (SC) alloys, which is the starting material of Nd-Fe-B sintered magnets, have been evaluated. 9) In this report, jet-milled Nd-Fe-B powders and the distribution of the Nd-rich phase therein were observed and evaluated. The relationship between the microstructure of SC alloys and distribution of the Nd-rich phase in the jetmilled Nd-Fe-B powder particles are also discussed.
Experimental Procedure
Nd-Fe-B powders were pulverized by a jet-mill under an inert condition after SC alloys were roughly pulverized using the conventional hydrogen decrepitation process. The composition of the SC alloy was based on ordinary Nd-Fe-B sintered magnets and it was not added with Dy or other * 1 Graduate Student, Tohoku University. Present address: NTN Corporation, Kuwana 511-8678, Japan * 2 Undergraduate Student, Tohoku University additive rare earth elements, such as Pr and Tb. The powder size of the Nd-Fe-B powders was evaluated by the laser diffraction method. The lamella interval of SC alloys and the distribution of Nd-rich phase of jet-milled powders were observed and evaluated by Scanning Electron Microscope (SEM)-Energy Dispersive X-ray Spectroscopy (EDX). The lamella interval of SC alloy was evaluated by the point counting method. The average interval of Nd-rich phase was measured at various distances from the wheel surface. Details of evaluation methods were described in our previous paper.
9 ) The distribution of Nd-rich phase was evaluated by the ratio of grains that contained the Nd-rich phase.
Results and Discussion
Figure 1(left) shows SEM backscattered electron images of taken from the cross section of SC alloys and Fig. 1(right) shows the relation between average lamella interval and distance from the wheel surface of SC alloys. In Fig. 1(left) , bright and dark regions correspond to Nd-rich phase and main phase, respectively. This microstructure shows similar structure as previous reports. 9, 10) Figure 1(right) shows average interval of Nd-rich phase measured from SEM observation. The interval of lamella near the wheel surface is larger than that in the region of near the free surface. This feature has been also reported in our previous report. 9) Actual microstructure contains submicron Nd 2 Fe 14 B grains as shown in our previous report.
9) The average interval of lamella is evaluated to be 3.8 mm from SEM images. Figure 2 shows the cumulative distribution (Q 3 ) of jetmilled Nd-Fe-B powders. The three kinds of jet-milled powders with different average diameter (d 50 ) were prepared. The average diameter (d 50 ) of powder 1, powder 2, and powder 3 were 1.6, 2.6, and 4.6 mm, respectively. The average diameter of powder 3 is larger than the average lamella interval of SC alloys. The average diameter of powder 1 is smaller than half of the average lamella interval.
The particle size of the main phase and the Nd-rich phase is discussed in the following. The SEM-EDS mapping of the powder 1, 2, and 3 are shown in Fig. 3(a), (b) , and (c), respectively. The bright and gray regions show the region where Nd and Fe, respectively, are rich. Black regions correspond to the sample stage. The model of an ideal triple junction is shown in Fig. 4(a) . Assuming that the shape of Nd 2 Fe 14 B particles is circle, the unit shape of the ideal triple junction is shown as a triangle which consists of a part of three Nd 2 Fe 14 B particles and Nd-rich phase. The three gray triangles and black region at the center of the triple junction show Nd 2 Fe 14 B and the Nd-rich phase, respectively. In this ideal triple junction, the center region surrounding three Nd 2 Fe 14 B powder particles are assumed to be filled with the Nd-rich phase. The ratio of the area covered with three Nd 2 Fe 14 B (A 1 ) to the area covered with the Nd-rich phase (A 2 ) is calculated to be 9.8 to 1. The average area ratio evaluated from Fig. 3(a) , (b), and (c) is plotted as a function of d 50 . The result is shown in Fig. 4(b) . Here, we define parameters A 2 0 and A 2 0 =A 1 in order to evaluate amount of the Nd-rich phase in the triple junctions. The value of A 2 0 equals 9.8 times of A 2 . When the value of A 2 0 =A 1 equals to be 1, the area ratio becomes ideal state. Figure 4(b) shows that the value of A 2 0 =A 1 increases with decreasing d 50 . The average lamella interval is shown as dashed line in Fig. 4(b) . The A 2 0 =A 1 reaches about 1.4 when d 50 is 1.6 mm. This shows that the Nd-rich phase become larger than the ideal state. The fine powder contains relatively large Nd-rich particles.
The distribution of Nd-rich phase is also important. The ratio of grains which contain the Nd-rich phase (P) was evaluated as shown in Fig. 5 . When the powder has good distribution, which means the Nd-rich phase is welldistributed, the ratio becomes close to 100%. On the other hands, when the powder has a bad distribution, the ratio decreases. The value of P decreases with decreasing the powder diameter. The Nd-rich phase is aggregated and its distribution becomes worse with decreasing d 50 .
The simple model of jet-milling pulverization is also discussed. The schematic images of the model are shown in Fig. 6 . It is assumed that its lamella interval of SC alloy (l) and the thickness of Nd-rich phase of the SC alloy (t) are constant. Moreover, the shape of the powder particles, which is pulverized by the jet-milling method, is assumed to be cubic. The length of the cube is set to be d. The values of t and l are set to be 0.5 mm and 3.8 mm, respectively. These values are chosen from the results of the SEM observation shown in Fig. 1 . As the value of d, the average diameter of jet-milled powders is adopted. The probability (P) that the Nd-rich phase is observed in a particle is calculated by an equation as follows.
The coefficient 5/6 is introduced in the equation because the Nd-rich phase on the bottom side of the cube is not observed. The results of calculation are shown in Fig. 5 with a dashed line. The tendency is quite similar and this model is considered to be reasonable. The Nd-rich phases tend to become relatively coarse and aggregate with decreasing the average diameter of Nd-Fe-B powders from Fig. 4 and Fig. 5 . This shows that the amount of Nd-rich phase is 5 The average powder diameter dependence of the ratio of grains which contains the Nd-rich phase. Solid circles show the value which is evaluated from SEM-EDS mapping (shown in Fig. 3 ). The solid curve is guide for eyes. The dashed curve shows calculated value. The dashed line shows the average lamella interval of SC alloy. Fig. 6 The schematic images of pulverization model of calculation which is shown in Fig. 5 . The value of the lamella interval of SC alloy (l) and the thickness of Nd-rich phase of the SC alloy (t) is decided from SEM observation. The length of the cubic (d) is adopted the average diameter of jet-milled powders.
insufficient to spread between grain boundaries and to decrease the nucleation sites of reversed magnetic domains during the sintering and subsequent annealing process when the average diameter of Nd-Fe-B powders is small. This may be one of reasons of the low coercivity for Nd-Fe-B sintered magnets consisted of fine powders.
To solve this aggregation of Nd-rich phase, the lamella interval contribution to the Nd-rich distribution is discussed by using the above model about SC alloy and jet-milled powders. The result of calculation is shown in Fig. 7 . The average powder diameter dependence of the ratio keeps high when the average lamella interval (l) decreases. This result suggests the average of lamella interval is a very important factor to achieve a good Nd-rich distribution. It also suggests that the average powder diameter needs to be larger than the average lamella interval.
Summary
The relationships between the lamella interval of SC alloy and jet-milled Nd-Fe-B powder size were evaluated. The Ndrich phase is aggregated and the distribution of Nd-rich phases becomes worse when the average diameter of Nd-Fe-B jet-milled powders decreases. It is caused by the fact that the powder size of Nd-Fe-B jet-milled powder is much smaller than the average lamella interval of strip cast alloys.
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